ABSTRACT: The effects of microencapsulated phase-change materials (MPCM) on the rheological properties of a geopolymer paste (GPP) were investigated. In order to quantify the time-dependent viscosity increase of the geopolymer paste containing MPCM (GPP-MPCM), a new rheological model was successfully developed. Three different MPCMs were compared in order to examine the effect of the hygroscopic nature of the microcapsule shells and the size distribution of the microcapsules. In addition, the effect of microcapsule concentration was investigated. It was found that microcapsules with polar functional groups on the shells affect the viscosity and the geopolymerization reaction of the geopolymer paste much more than microcapsules with hydrophobic shells. In addition, aggregated microcapsules influence the viscosities less than unaggregated microcapsules.
INTRODUCTION
Portland cement is one of the most important components in building materials because of its important role in producing high-performance concrete. However, producing this cement emits a huge amount of CO 2 into the environment. 1, 2 This contributes to around 5−8% of the total worldwide CO 2 emission into the atmosphere. 1, 3 Geopolymers synthesized by alkali activation of aluminosilicate in amorphous form (from industrial waste materials) have recently received considerable attention as an environmentally friendly material to partly replace Portland cement. 4, 5 By replacing Portland cement with a geopolymer, CO 2 emission from the cement industry can be significantly reduced.
Approximately 40% of the total global energy consumption is from buildings; therefore, the reduction of energy consumption by buildings is important for the environment. 6, 7 Phase-change materials (PCM), with the capability of storing and releasing high amounts of energy around the phase-change temperature, have been integrated into building materials to enhance the thermal performances of buildings. However, the practical applications are limited because of reactions with surrounding materials, which cause reductions of the mechanical strength of the building materials and deteriorate the thermal properties of PCM. 8, 9 In order to avoid these adverse interactions, the PCM can be incorporated into protective microcapsules. Microencapsulated phase-change materials (MPCM) have therefore been utilized for integration into building materials to improve the heat-storage capacity and thermal insulation. 9−13 This is a promising solution to enhance the energy efficiency of buildings. It is, however, important to ensure that the microcapsules do not break during the mixing process, 14 as this will adversely affect the thermal properties 15 and is expected to influence the rheological behavior. 16 The integration of MPCM into geopolymer materials has been investigated in recent years, showing promising results for reducing the energy consumption of buildings. 11−13 For incorporation into geopolymers, the MPCM should be able to withstand the highly alkaline environment of the geopolymer mixture. Previous investigations have mainly focused on the thermal and mechanical properties as well as the energy efficiency of these materials. However, studies on the effects of microencapsulated phase-change materials on the rheological properties and geopolymerization reaction of geopolymer pastes are scarce, even though the rheological behavior is important for the geopolymer properties. Previous studies revealed a correlation between rheology and the geopolymerization reaction of a geopolymer paste, where an increase in viscosity as a function of time corresponded to each geopolymerization stage. 17 Therefore, it is possible that the influence of microcapsules on the geopolymerization reaction can be investigated through their effect on the time-dependent viscosity.
In this article, a geopolymer paste is employed for the integration of microencapsulated phase-change materials. Special attention is focused on the influence of the hygroscopic nature of the polymer shells, the size distribution, and the microcapsule concentration on the geopolymerization reaction and time-dependent viscosity of the geopolymer paste. In order to quantify the time-dependent changes of the viscosities of the MPCM−geopolymer paste and the geopolymerization reaction, a new empirical equation that provides a good representation of the experimental data has been proposed. In addition, the microstructure of the geopolymer paste (GPP) containing the microcapsules was determined by SEM to evaluate whether the microcapsules can withstand the mixing process.
EXPERIMENTAL SECTION
2.1. Materials. A geopolymer paste containing microencapsulated phase-change materials (MPCM−GPP) was fabricated by mixing fly ash (FA, Norcem), ground granulated blast-furnace slag (GGBFS, Cemex), MPCM, and an alkaline activator solution that was a mixture of 120 g of a sodium silicate solution (35 wt % solids) and 80 g of a 14 M NaOH solution. The recipe of the GPP is shown in Table 1 . The MPCM concentration, which was calculated as the weight percentage of the total geopolymer paste, was varied from 0 to 12 wt % in steps of 3 wt %. However, MF/PCM24 was not utilized at a concentration of 12 wt % because it had too high a viscosity for measurements.
Three different kinds of microcapsules were utilized. PS-DVB/RT27 is composed of a paraffin Rubitherm RT27 core coated with a shell of polystyrene cross-linked with divinylbenzene (PS-DVB).
18 Micronal DS-5038X (Microtek, USA) is composed of a paraffin-mixture core and a highly cross-linked poly(methyl methacrylate) (PMMA) shell. 19 Microtek MPCM24D (Microtek) is composed of a paraffinmixture core and a melamine-formaldehyde polymer shell (MF).
20 Table 2 summarizes the properties of the three MPCMs.
2.2. Rheology. Rheological measurements were carried out using an Anton Paar MCR302 rheometer. The MPCM− geopolymer pastes were tested using a building-materials-cell (BMC-90) measuring system (cup diameter: 74 mm; bob diameter: 59 mm, stirrer ST59-2 V-44.3/120) mounted in a cylindrical Peltier system for temperature control.
The MPCM can be broken during the concrete-mixing process, leading to leaching of PCM. 14 The nonencapsulated PCM can have a significant effect on the geopolymer properties. Nonencapsulated PCM can contribute to agglomeration of the microcapsules, leading to a decrease of the mechanical properties, reduced thermal performance of the concrete, 9, 11 and an increase of the viscosity of the mixture. 16 Although the PCM (paraffin) in the current study is inert to the concrete environment (an alkaline solution), 9 it might retard the geopolymerization reaction by coating the binder particles (FA/GGBFS). 21 It is therefore important to prevent rupture of the MPCM, to avoid interference of nonencapsulated PCM in the rheological properties of the geopolymer.
In order to avoid MPCM damage, FA, GGBFS, and MPCM were gently mixed together at room temperature (20 ± 1°C) for 1 min using a mixer (Electrolux EKM4300). The alkaline solution and water were added continuously into the mixed powder for 30 s, and the geopolymer paste was mixed for 3 more minutes. After mixing, the geopolymer paste was loaded into the rheometer measuring cell. The sample was left in the cell for 30 s before being presheared at 50 s −1 for 1 min to ensure that the samples had the same shear histories. After the preshear, the samples were left to equilibrate for 1 min to achieve a uniform state. The MPCM−geopolymer paste was sheared at a constant shear rate of 10 s −1 until the viscosity increased too much to continue the measurements. The testing temperature was set at 20°C, which is close to room temperature and below the melting point of the phase-change materials, to minimize the possibility of rupturing the microcapsules during the rheology test.
In order to quantify the time-dependent changes of the viscosities, a new empirical equation (eq 1) was developed:
where η(t) and η 0 are the viscosity as a function of time (t) and the initial viscosity of the MPCM−geopolymer paste, respectively. α, β, and t t are the kinetic constants for the initial linear viscosity increase, the exponential-growth kinetic constant, and the transition time from linear increase to exponential growth, respectively. 2.3. Geopolymer-Paste Temperature during Geopolymerization. After being mixed, the geopolymer paste without MPCM and with 6 wt % MPCM were casted into a mold (50 × 50 × 50 mm) that was made of 20 mm thick wood with an open top surface. The temperature change of the geopolymer paste during the geopolymerization process was recorded using thermocouple type T (Omega) via a multichannel multimeter (LR8410-20, Hioki). The thermocouple was inserted into the center of the geopolymer-paste sample after casting. The data was recorded every 0.5 s for a period of 5 h. The test was conducted at room temperature (20 ± 1°C). The temperature of the geopolymer paste during the mixing period was not recorded. The temperature increment due to the exothermic geopolymerization reaction during the mixing process was determined as the difference between the room temperature (20 ± 1°C) and the geopolymer-paste temperature after the mixing process.
2.4. Size Distribution of MPCM. Low-angle laser-lightscattering (LALLS) laser diffraction using a Malvern Mastersizer 2000 (Malvern Instruments Ltd.) equipped with a Scirocco 2000 unit for analyzing dispersions of the particles in air was employed to determine the size distribution of the MPCMs.
2.5. Trapped-Water Test. The dispersion of microcapsules (5.0 ± 0.1 g) and alkaline solution (50 mL) was fabricated at room temperature (20 ± 1°C) to compare the polarity of the polymer shell with the ability of the microcapsules to trap water. After immersing the MPCM in an alkaline solution for 24 h, MPCM was separated from the alkaline solution by centrifugation (Mega Star 1.6R) of the suspension in filter test tubes (0.45 μm filter membrane) at 4500 rpm for 5 min. Afterward, the remaining trapped water on the MPCM was determined by a moisture analyzer (MB 64M-VWR) at 70°C to gently remove the adsorbed water without damaging the MPCM or degrading the PCM core.
2.6. Scanning Electron Microscopy. The microstructure and the surface morphology of the microcapsules in powder form was examined by scanning electron microscopy (SEM, Quanta FEG-250).
In order to determine the effect of the mixing process and the shear induced during the rheology measurements on the structure of the microcapsules, the microstructure of GPP containing 6 wt % microcapsules was investigated by SEM (Zeiss Supra 40 VP) at an accelerating voltage of 15 kV. Backscattered-electrons (BSE) mode was utilized to obtain good contrast between the microcapsules and the geopolymer matrix. For this test, the GPP containing 6 wt % microcapsules was collected after the rheology test of the sample.
RESULTS AND DISCUSSION
The size distribution and SEM images of the three types of microcapsules are shown in Figure 1 . The SEM images show that PS-DVB/RT27, PMMA/PCM26, and MF/PCM24 exhibit spherical shapes with a strong tendency to form agglomerated structures (red arrows), especially PMMA/ PCM26. The diameters of the single microcapsules, which were determined by SEM (Supporting Information), are in the ranges of 10−100, 1−3, and 10−30 μm for PS-DVB/RT27, PMMA/PCM26, and MF/PCM24, respectively. However, the mean agglomerated-microcapsule diameters determined by a Mastersizer are 130 μm for PS-DVB/RT27, 155 μm for PMMA/PCM26, and 21 μm for MF/PCM24. The differences in the size distributions of the three kinds of microcapsules may have an important impact on the rheological properties and geopolymerization properties of the geopolymer paste.
After immersing the MPCM in an alkaline solution (corresponding to the alkaline solution used in the geopolymer) for 24 h, the microcapsules remained stable, with a spherical shape and the same size as before (single microcapsules), (see Supporting Information Figure S3 ). This demonstrates that the microcapsules can withstand the alkaline solution of the geopolymer paste. This is in good agreement with previous findings. 9 The trapped water in the microcapsule structure is presented in Figure 2 . Under alkaline conditions, the amount of trapped water is lowest for PS-DVB/RT27 and highest for PMMA/PCM26. Both the differences in the chemical structure of the polymer shells (Figure 2 ) and the size of the MPCM (Figure 1 ) can contribute to this. A higher amount of water is expected to be adsorbed on polymer shells containing polar functional groups compared with nonpolar shells. Accordingly, the nonpolar phenyl groups of PS-DVB are expected to adsorb less water than the polar groups of PMMA (ester groups) and MF (amine groups), which is in agreement with Figure 2 . In addition, small particles have a larger surface The different polarities of PMMA and MF might also play a role, 22 but unfortunately, the exact differences in polarities are unknown. To determine the exact polarity of each kind of microcapsule would be interesting for further studies.
The temperature of the geopolymer paste after the mixing process was recorded for a period of 5 h (Figure 3 ). The temperature of the geopolymer paste increased from room temperature (20 ± 1°C before mixing) to approximately 23°C after the mixing process. The temperature increase during the mixing process is due to the exothermic geopolymerization process. 23 The temperature of the geopolymer paste continued to increase after the mixing stage. For geopolymer paste without MPCM, a peak was reached at approximately 26°C. This is in good agreement with Suwan et al., who studied the internal heat liberation of geopolymers at ambient curing conditions. 23 As can be seen from Figure 3 , the peak temperature decreased after the addition of microcapsules.
The microcapsules can absorb a high amount of heat during the phase change, which can reduce the temperature increase of the GPP. 14 The lowest peak temperature (about 24°C) and longest time to reach the peak (2 h) was observed for GPP containing MF/PCM24, which has the highest latent heat (Table 2 ). In addition, MF/PCM24 has the lowest melting temperature (21.9°C), which is closest to the temperature of the geopolymer paste. However, the latent heat of the microcapsules is not the only mechanism that might cause the reduced temperature of the geopolymer paste. It is also possible that the addition of microcapsules might interfere with the geopolymerization reaction, thereby reducing the heat release and peak temperature of the geopolymer paste. Further studies are needed to explore this possibility in more detail.
SEM images of MPCM−GPP with 6 wt % microcapsules are shown in Figure 4 . Most of the single microcapsules were observed to be stable after the mixing process. There is no evidence of any cracks in the microcapsules, and no leached PCM is observed on the structures of the microcapsules. This demonstrates that the microcapsules can withstand the current mixing process, even though the exothermic-reaction heat of the geopolymerization process will cause the PCM to be in a liquid state during the mixing process. This is in good agreement with previous studies, where the MPCM remained stable after concrete-, mortar-, and cement-paste mixing. 24−27 However, this observation is different from that of Hunger et al., 14 who reported that microcapsules were damaged after the concrete-mixing process. This was explained by the intensive mixing of a horizontal concrete mixer, which can produce a high shear stress on the microcapsules. The absence of sand and gravel combined with a relatively gentle mixing force in the current study probably contributes to the prevention of microcapsule rupture during the mixing process. In addition, the mechanical strength of the utilized microcapsules contributes to their ability to withstand the mixing process.
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Rheology of MPCM−Geopolymer Paste. The geopolymer binder is an inorganic material based on the polymerization of aluminosilicate materials and a concentrated alkaline solution ( Figure 5 ). The polymerization process includes two stages. In Stage I, Si and Al atoms from the source material react with hydroxide ions to form geopolymer precursor ions (monomers). In Stage II, the precursor ions (monomers) polymerize to form the 3-D geopolymer structure. 28, 29 Figure 6a illustrates how the viscosity changes during the different stages of the geopolymerization procedure. After the initial 7 min mixing procedure (see the Experimental Section for details), the viscosity measurements were started. Each stage of the polymerization process ( Figure 5 ) can be correlated to the time-dependent viscosity of the geopolymer paste. Accordingly, the viscosity of the geopolymer paste as function of time includes two main regions:
Stage I: The viscosity increases linearly with time as a result of the formation of the higher-molecular-weight precursor or monomer.
Stage II: The polymerization process that forms 3-D geopolymer structures dominates the viscosity profile, causing an exponential growth of the viscosity. This is consistent with previous findings.
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By utilizing eq 1, it is possible to quantify these two stages, and evaluate the effect of microcapsules on the polymerization process of a geopolymer paste. The experimental data of the viscosity versus time of the geopolymer paste after adding 0 and 6 wt % microcapsules (PS-DVB/RT27, PMMA/PCM26, and MF/PCM24) at a shear rate of 10 s −1 is shown in Figure  6b together with lines fitted by eq 1.
The various parts of the fitting function are illustrated in Figure 7a . The figure is plotted on a log−log scale to better show the effects at short times and low viscosities. The initial viscosity (η 0 ) shows where the viscosity starts at the beginning of the measurements. The η 0 obtained from the fitting procedure corresponds well with the initial values of the viscosities measured at short times. During Stage I, the viscosity increases linearly (η = η 0 + αt). When Stage II of the geopolymerization reaction starts to dominate, an exponential increase is observed. Because the exponential equation starts at 1 when t approaches 0, −1 is introduced in the fitting function to obtain the correct value of η 0 from the fitting procedure. A stretched exponential is used, where the exponent, β, indicates how fast the viscosity is increasing. A higher β value indicates a steeper increase of the viscosity.
The new model (eq 1) was found to fit well with the experimental data, as illustrated by the high values of R 2 (0.99−1) and the fitted lines that follow the experimental data very well both in linear and logarithmic plots (Figures 6  and 7) . In order to further examine how well the equation describes the experimental data, residual plots are shown in Figure 7b . The residuals are mostly nonsystematic, illustrating that the equation provides a good fit of the data. The large values and small peaks in the residuals at long times are due to the transition between Stage I and Stage II combined with the higher viscosity values at long times. Figure 8 shows the parameters from the fits by eq 1. The concentration and the type of microcapsule have a significant effect on the polymerization reaction of the geopolymer paste. The fitted parameters show that an increase in the microcapsule concentration causes a higher initial viscosity (η 0 , Figure 8a ). This is probably due to the increase of the total surface area of the particles in the geopolymer paste after microcapsules are added. 11 Water can be adsorbed onto the surfaces of the microcapsules. A higher surface area can therefore reduce the free water in the sample, thereby increasing the viscosity. In addition, as the concentration of microcapsules increases, the distance between the microcapsules becomes shorter, causing an obstruction of the movement of the fluid around them, which results in higher viscosity. 11, 30 The increase in the initial viscosity (η 0 ) as a function of MPCM concentration is fastest for MF/PCM24 and slowest for PS-DVB/RT27. This might reflect the polar and nonpolar natures of the microcapsule shells. The hydrophobic PS-DVB/RT27 adsorbs much less water on the surface than MF/PCM24 and PMMA/PCM26 (Figure 2 ) and therefore affects the initial viscosity (η 0 ) to a smaller degree (Figure 8a ). The initial viscosity (η 0 ) increases faster when the concentration is raised for MF/PCM24 than for PMMA/ PCM26. However, according to Figure 2 , PMMA/PCM26 adsorbs more water than MF/PCM24. The different testing conditions can contribute to this discrepancy. For the trappedwater test, the long immersion time (24 h ) and the low viscosity of the alkaline solution allows the solution to easily penetrate deeply inside the structure of the PMMA/PCM26 agglomerates. Accordingly, all the single PMMA/PCM26 microcapsules can be covered by the alkaline solution, thereby causing more water to be adsorbed by PMMA/PCM26 compared with by MF/PCM24. However, for the rheology test, the higher viscosities of the geopolymer paste and the shorter contact times might prevent water from penetrating into the PMMA/PCM26 agglomerates. This can cause a lower effective water adsorption, because only the outer parts of the agglomerates adsorb water.
The precursor kinetic constant, α, which indicates how fast the viscosity increases during the first stage, rises as the microcapsule concentration becomes higher (Figure 8c ). This indicates that the reaction forming the geopolymer precursor and monomer is faster. When the microcapsule concentrations are raised, α increases much faster for the MPCMs with polar groups on the polymer shells (MF/PCM24 and PMMA/ PCM26) than for PS-DVB/RT27, which has a nonpolar shell. As for η 0 , α increases faster for MF/PCM24 than for PMMA/ PCM26. This suggests that the faster reaction rates forming the geopolymer precursor and monomer are due to the reduction of free water in the sample when water is adsorbed onto the microcapsule surfaces. Less free water might increase the concentration of the Si−Al source material ( Figure 5 ) in the liquid phase, thereby speeding up the reaction rate. It should be noted that the precursor kinetic constant, α, of the geopolymer paste containing 9 wt % MF/PCM24 gave a slightly negative value after fitting to eq 1. This is unrealistic because the viscosity increases with time ( Figure 9 ). It is possible that at this high concentration of MF/PCM24 (9 wt %), the formation of the precursor during Stage I occurs very fast (i.e., it mostly finishes during the 7 min mixing process, Figure 6a ). Accordingly, the measured viscosity only represents Stage II of the geopolymerization reaction. Working from this assumption, the precursor kinetic constant, α, of the geopolymer paste containing 9 wt % MF/PCM24 was set to 0 during the fitting procedure. As can be seen from Figure 9 , this assumption seems reasonable because the fitted line is in good agreement with the experimental data, with a high value of R 2 (0.99). The transition time (t t ) from Stage I to Stage II indicates where the viscosity curve goes from the initial moderate increase to a much steeper curve ( Figure 6a ). As can be seen from Figure 8b , t t decreases when more MPCM is added to the samples, and the decline is most pronounced for MF/PCM24 and least evident for PS-DVB/RT27. This is in agreement with the faster formation of the geopolymer precursor and monomer for MF/PCM24. Interestingly, the polymerization kinetic constant, β, decreases at higher concentrations of microcapsules, illustrating that at Stage II, the geopolymerization reaction is slowed down by the addition of MPCM. As for the other parameters, the concentration dependence is strongest for MF/PCM24 and weakest for PS-DVB/RT27. The slower reaction rates are probably caused by the higher viscosities of the systems, which slow down the transportation of monomers to build up the 3-D structure.
CONCLUSION
A new rheological model was successfully developed to investigate the effect of microcapsules on the time-dependent viscosity of a geopolymer paste, obtaining good correlation with the geopolymerization reaction.
The important role of the hygroscopic nature, the sizes and concentrations of microcapsules on the time-dependent viscosity and geopolymerization-reaction rate were investigated. It was found that a higher microcapsule concentration caused an increase of initial viscosity, η 0 ; faster reaction rates for the formation of the geopolymer precursor and monomer; and a shorter transition time, t t , to the change from the first stage (the formation of the precursor and monomer) to the second stage (geopolymer formation). Interestingly, at higher concentrations of microcapsules, the polymerization kinetic constant, β, decreased. This demonstrates that the geopolymerization reaction during the second stage is slowed down by the addition of MPCM, probably as a result of the higher viscosities. Overall, MF/PCM24, which has a polymer shell containing polar functional groups and the smallest size distribution (mean size of 21 μm), was found to have the strongest impact on the time-dependent viscosity and geopolymerization-reaction rate of the geopolymer paste when the concentration of MPCM was raised, whereas the weakest dependency was found for PS-DVB/RT27, which has a hydrophobic polymer shell. This effect is probably due to the higher amount of water adsorbed onto the microcapsules with more polar functional groups. The PMMA/PCM26 microcapsules affected the viscosities less than the MF/PCM24 microcapsules, although both of these microcapsules had shells with polar groups. The reason for this is probably the agglomerated nature of PMMA/PCM26, which provides a smaller effective surface area on which the water can adsorb.
The developed model can be used as a quantitative tool to design the mixing recipe and mixing process of a geopolymer paste containing MPCM. Further work will focus on the effects of microencapsulated phase-change materials on the rheology and geopolymerization reactions of geopolymer mortar and geopolymer concrete for buildings applications. 
